[1] Slope-stability analyses are mostly conducted by identifying or assuming a potential failure surface and assessing the factor of safety (FS) of that surface. This approach of assigning a single FS to a potentially unstable slope provides little insight on where the failure initiates or the ultimate geometry and location of a landslide rupture surface. We describe a method to quantify a scalar field of FS based on the concept of the Coulomb stress and the shift in the state of stress toward failure that results from rainfall infiltration. The FS at each point within a hillslope is called the local factor of safety (LFS) and is defined as the ratio of the Coulomb stress at the current state of stress to the Coulomb stress of the potential failure state under the Mohr-Coulomb criterion. Comparative assessment with limit-equilibrium and hybrid finite element limit-equilibrium methods show that the proposed LFS is consistent with these approaches and yields additional insight into the geometry and location of the potential failure surface and how instability may initiate and evolve with changes in pore water conditions. Quantitative assessments applying the new LFS field method to slopes under infiltration conditions demonstrate that the LFS has the potential to overcome several major limitations in the classical FS methodologies such as the shape of the failure surface and the inherent underestimation of slope instability. Comparison with infinite-slope methods, including a recent extension to variably saturated conditions, shows further enhancement in assessing shallow landslide occurrence using the LFS methodology. Although we use only a linear elastic solution for the state of stress with no post-failure analysis that require more sophisticated elastoplastic or other theories, the LFS provides a new means to quantify the potential instability zones in hillslopes under variably saturated conditions using stress-field based methods.
Introduction
[2] Slope-stability analyses are commonly performed using limit-equilibrium methods because of their proven effectiveness and reliability [e.g., Fellenius, 1936; Bishop, 1955; Morgenstern and Price, 1965; Janbu, 1973; Lade, 1992; Michalowski, 2002; Duncan and Wright, 2005] . For such methods, the geometry and sometimes the location of the potential failure surface are approximated or predetermined. All two-dimensional limit-equilibrium methods consist of discretizing the mass of a potential failure slope into smaller vertical slices. All limit-equilibrium methods assume that each individual slice is treated as a unique sliding block (as shown in Figure 1a ) and shear strength is mobilized with the same ratio of shear stress to shear strength for all slices.
[3] By applying the principles of force and/or moment equilibrium, all limit-equilibrium methods seek an indicator of slope stability called the "factor of safety" or FS, which is typically defined as the ratio of the available shear strength to the shear stress required for equilibrium along the prescribed failure surface. Depending on how interslice forces are handled and the equilibrium principles that are involved, many variations of limit-equilibrium methods have been developed. For later comparison with the new method proposed in this work, the commonalities and differences among these classical methods are illustrated in Figure 1 and summarized below.
[4] The Ordinary Method ( Figure 1b ) [Fellenius, 1936] is the simplest and the oldest method of slices. It ignores all the inter-slice forces because of the assumption that the forces are parallel to the base of each slice. The method satisfies only moment equilibrium and assumes a circular slip surface. Due to its simplicity, it is possible to compute the factor of safety by hand calculations. The ordinary method is generally less accurate compared to the other methods of slices. In some studies [e.g., Duncan and Wright, 2005; Fredlund and Krahn, 1977; Abramson et al., 1996] , it has been shown that the accuracy is decreased for effective stress analyses and under high pore water pressure conditions.
[5] Bishops's simplified method ( Figure 1c ) [Bishop, 1955] satisfies vertical force equilibrium for each slice and overall moment equilibrium at the center of the circular trial surface ( Figure 1a ). The method also ignores inter-slice shear forces (X). Bishop's simplified method is considered to be more accurate than the Ordinary method, especially for effective stress analyses with high pore water pressures [e.g., Duncan and Wright, 2005; Abramson et al., 1996] .
[6] The Janbu Simplified Method ( Figure 1d ) satisfies only overall horizontal force equilibrium and also assumes that there are no interslice shear forces (X). The assumption that all the interslice forces are horizontal often leads to smaller factor of safety when compared to more rigorous methods that satisfy complete force and moment equilibrium. To account for the effect of the shear forces, a correction factor related to cohesion, angle of friction and the shape of the failure surface were presented by Janbu [e.g., Duncan and Wright, 2005; Abramson et al., 1996] .
[7] The Morgenstern and Price Method (Figure 1e , 1965) considers both shear (X) and normal (E) interslice forces and satisfies both moment and force equilibrium. The method assumes an arbitrary mathematical function to describe the direction of the interslice forces [e.g., Fredlund and Krahn, 1977] .
[8] Some recent developments of methods to calculate the factor of safety include more accurate computation of the interslice stress distributions [e.g., Duncan, 1996; Yu et al., 1998; Swan and Seo, 1999] and numerical algorithms for shear strength reduction analysis from finite element methods for multidimensional analysis under a continuum mechanics framework [e.g., Matsui and San, 1992; Smith and Griffiths, 2004; Krahn, 2003] . The classical limit-equilibrium methods described above and a hybrid FEM-limit equilibrium method [Krahn, 2003; GEO-SLOPE International, 2007] represent Figure 1 . (a) Slice discretization of a potential sliding mass and forces acting on a typical slice used in limit-equilibrium methods. Illustration of the commonalities and differences among the classical methods of slices for (b) Ordinary (Fellenius) Method, (c) Bishop's Simplified Method (vertical force equilibrium), (d) Janbu's Simplified Method (horizontal force equilibrium), and (e) Morgenstern-Price Method.
the state-of-the-art in slope stability analysis and will be used in what follows for comparison with the new LFS method.
[9] Because limit-equilibrium and stress-field based methods typically seek a single stability indicator for the entire slope, they provide little insight into the location of initial failure and how the region of potential instability evolves with changes in pore water conditions that accompany rainfall infiltration. We describe a method to calculate a scalar field of factor of safety to overcome some of these limitations and take full advantage of modern numerical solutions for variably saturated flow and the state of stress in hillslopes.
Definition of the Scalar Field (or Local) of Factor of Safety
[10] The basic idea is to seek a scalar quantity at each point in a hillslope that is indicative of stability at that point. Our method extends the approach described by Iverson and Reid [1992] to cohesive, variably saturated porous material and uniquely provides a physically meaningful quantity to assess the stability of partially saturated hillslopes. As illustrated in two-dimensional stress space in Figure 2 , if the current state of stress at a point of interest is the solid circle, the stress quantity t indicates of the state of failure. This stress t can be uniquely defined by shifting the Mohr circle leftward until it touches the Mohr-Coulomb (M-C) failure envelope. King et al. [1994] called the shear stress on the Mohr circle along the direction perpendicular to the M-C failure criterion "Coulomb stress." Scalar fields of Coulomb stress calculated in this manner near faults have been used to understand the state of stress in the Earth's crust and the occurrence of earthquake aftershocks [e.g., Toda et al., 1998 ]. The paths of changes in effective stress in slopes that result from changes in pore water conditions follow a similar leftward shift. The size of the Mohr circle remains nearly constant under changing pore water conditions because the size of the Mohr circle is determined by the difference in principal total stresses. The principal total stresses are mainly affected by the geometry of the slope and self-weight of slope materials. The former does not change for a given slope over timescales relevant to rainfall infiltration and changes in the latter are relatively small compared with changes in pore water pressure and effective stress during rainfall infiltration and seepage that lead to a leftward shift of the Mohr circle.
[11] The pattern of the shift in the stress path implies that the direction of failure under variably saturated soil conditions would be similar to the direction of Coulomb stress. If the reference point for soil strength at the current state of stress (the solid Mohr circle) can be estimated by the intercept of the extension of the Coulomb stress with the M-C envelope, shown as point B in Figure 2 , a local factor of safety (LFS) at each point within the entire slope can be defined as
where t* is the potential Coulomb stress and t is the current state of Coulomb stress. By the similarity of triangles ACD and ABE, the LFS can be expressed conveniently in terms of the ratio of the adjusted mean stress of the current state of stress to the adjusted mean stress of the potential failure state under the Mohr-Coulomb criterion. The adjustment here comes from the fact that hillslope materials are typically cohesive and tensile stresses could occur in the area near the slope crest. To include such a situation, a stress value of AD, in lieu of the stress invariant OD (Figure 2 ) is used. Similarly, a stress value of AE in lieu of the stress invariant OE is used. Graphically, the LFS defined by equation (1) is equal to Figure 2 . Illustration of the concept of a scalar field of local factor of safety. The current state of stress at any point in hillslope (shown as the solid-line circle) has a shear stress t and shear strength t*. The quantity t*/t can be used as an indicator of how far the current state of stress is from failure and is defined as the local factor of safety (LFS). If suction stress s s is reduced at this point, the circle shifts leftward and the LFS is reduced, indicating that the state of stress is closer to the failure condition or LFS = 1.0.
AE over AD. If the Mohr-Coulomb failure criterion is used, it can be shown that
where c′ is the drained cohesion of the slope material, f′ is the drained friction angle of the slope material, p′ and q′ are the mean and deviator effective stresses in two-dimensional space, respectively, and are defined by
with the generalized effective stresses for variably saturated porous media defined by suction stress s s Likos, 2004, 2006] as
where u a is the prevailing air pressure. Suction stress s s is a characteristic scalar function of a soil and varies with soil suction or saturation. It is equal to the pore water pressure when soil is fully saturated but generally smaller than the pore water pressure in partially saturated soil. Suction stress follows different patterns in clay, silt, and sand but can be unified in a single closed form for all soils [Lu and Likos, 2004 , Lu and Griffiths, 2004 , Lu et al., 2010b using the same set of parameters to describe soil-water characteristic curves in van Genuchten 's [1980] model, i.e.,
where a and n are unsaturated soil parameters identical to those in van Genuchten's [1980] soil-water characteristic curve model that relates the equivalent moisture content q e (equals to the volumetric water content q normalized by the residual water content q r ) to soil suction (u a À u w ):
[12] Thus, in slopes the LFS so defined by equations (1)- (5) is a scalar quantity that varies in both space and time. As illustrated in Figure 2 , if the state of stress in a slope represented by the Mohr circle is below the material's failure envelope, the LFS is greater than unity. Whereas for those zones in a slope with LFSs equal to unity, the states of stress have reached their limit states and local failure occurs. Therefore, LFS has the potential to delineate zones of stability or failure in slopes.
A Coupled Hydromechanical Framework
[13] To compute the fields of stresses, soil suction and saturation, and the LFS in a two-dimensional slope, a transient finite element framework was used. The code simulates one-way coupled variably saturated flow and stress problems using finite elements (FEM) for hillslope flow and stress and factor of safety (HILLSLOPE FS 2 ). The code was developed and validated by the authors [Lu et al., 2010a] and was built from two previously uncoupled FEM codes ( Figure 3 ). Both of the component codes were tested and validated by the original developers. The solution for transient unsaturated flow (Richards' equation) is based on the U.S. Department of Agriculture model SWMS_2D [Simunek et al., 1994] . The Richards equation is [e.g., Freeze and Cherry, 1979; Lu and Likos, 2004] 
where K(h) is hydraulic conductivity function (HCF), h is pressure or suction head, H is total head (H = h + z), W is flux from a source or to a sink, and q (h) is volumetric moisture content function commonly called the soil-water retention curve (SWRC). In general, K(h) and q (h) are nonlinear functions of pressure head h. Van Genuchten's [1980] model shown in equation (6) is used for SWRC. Mualem's [1976] is used for HCF.
where k s is saturated hydraulic conductivity.
[14] Solutions of the transient fields of suction head h (or matric suction (u a À u w )/g), moist unit weight g, and moisture content q are used as the coupling variables for the subsequent computation of the fields of total stress, suction stress, and LFS. The solutions for stress and displacement are based on FEM2D [Reddy, 1985] and use the field of moist unit weight as the gravity term. The total stresses in the slope are mainly affected by the geometry of the slope and the hillslope material's self-weight. The governing equations describing the total stresses in linear-elastic materials are from balance of linear momentum:
where s is a stress tensor with three independent stress variables in two-dimensional space, g is the bulk unit weight of hillslope materials, and b is the unit vector of body forces with two components.
[15] The fields of total stress and suction head are then combined to compute a field of suction stress (Figure 3) , and finally the total stress field and suction stress field are used to compute the field of LFS.
[16] Because plane-strain linear elasticity theory is implemented in FEM2D [Reddy, 1985] , only two elastic properties, namely the elastic modulus E and Poisson's ratio v, are needed for solutions of both stress and displacement. Two unsaturated hydromechanical properties, namely a and n, are commonly defined in equations (5), (6), or (8). Additional modifications to the code include improved computational capacity and efficiency of the equation solver, addition of an automatic mesh generator, and graphical input and output.
[17] Comparisons of simulation results of suction head and stress fields with those obtained from a commercial slope-stability software package GeoStudio [GEO-SLOPE International, 2007] were made and close agreement between the two codes were obtained. For all the hybrid FEM-limit equilibrium analyses and the classical limitequilibrium methods described in the following sections, SLOPE/W [GEO-SLOPE International, 2007] was also used.
[18] We point out that the hydromechanical framework based on linear elasticity solves statically admissible fields of stress and displacement without invoking failure or the redistribution of postfailure stress or displacement. A statically admissible stress distribution is defined only as one that satisfies the equilibrium differential equations, in the interior of the body, and the boundary conditions wherever any boundary tractions are prescribed [Malvern, 1969] . Thus LFS less than unity only provide an indication of hypothetical failure or the stress state in comparison with the hypothetical failure parameters, namely drained cohesion c′ and angle of internal friction f′. This simple computational strategy is used to illustrate the location of potential failure zones without involving more sophisticated statically indeterminate elastoplasticity theories. For this reason, in figures showing contours of the LFS, no distinction is made for computed LFS less than unity.
[19] In what follows, we first compare the LFS with several limit-equilibrium methods for stability analysis of slopes of various geometries under either dry or saturated and fully drained conditions. The potential applicability of the LFS to slope-stability analysis under variably saturated conditions is then explored for an example slope under transient rainfall conditions and followed with comparisons to some recent developments of infinite slope-stability theory under transient infiltration conditions.
Comparisons With the Classical Factor of Safety Methodologies

FS and LFS in Vertical Cuts
[20] We first compute the stress distribution in a vertical cut of either dry or saturated, but fully drained soil, under gravity for four different stability numbers m (0.05, 0.10, 0.15, and 0.20). The stability number is defined as m = c′/g H with g being the unit weight of the slope material, and H the height of the slope. The internal friction angle f′ is assumed to be 30 in all cases here. A small m value indicates the slope is less stable compared to those with large m values. Based on the fields of stresses and strength parameters of the slope, the field of LSF is computed by equation (2) and plotted in Figure 4 (left). It can be seen that there are three weak or potentially unstable zones in a vertical cut slope from Figure 4a ; near the vertical face, beneath the toe, and far field from the slope at the same elevation as the toe on horizontal ground. The low LFS zone behind the vertical face is characterized by the principal maximum stress in the vertical direction, whereas the low LFS zones beneath the toe and far field from the slope are characterized by the principal maximum stress in the horizontal direction. For all the m values examined here except for m = 0.05 (Figure 4a ), the LFS in the far field area away from the slope is never below 1.0, whereas the LFS in the other two zones could be below 1.0 and the area expands as the m value decreases (Figure 4, left) . The most pronounced weak zone is behind the vertical face with an up-leftward trend approximately 60 (or p 4 þ f′ 2 = 60 ) from horizontal as the m value decreases (Figure 4a ).
[21] To better illustrate this trend, contours of LFS equal to 1.0 are plotted in the right column in Figure 4 (thick solid lines) together with other potential failure surfaces identified by the four limit-equilibrium stability methods from the SLOPE/W software. To broaden the comparison and assessment, potential failure surfaces predicted by the Culmann method [Culmann, 1875; Lohnes and Handy, 1968] (analytical solution for finite slopes with a plane failure surface), and a global FS calculated using an FEM stress solution combined with a method of slices and iterative-search procedure to identify the least stable failure surface (Global method from SLOPE/W) are also plotted in Figure 4 (right).
[22] For a relatively strong vertical cut (m = 0.20 and shown in Figure 4d ), all four limit-equilibrium methods (Ordinary, Bishop, Janbu, and Morgenstern-Price), as well as the Culmann and Global methods, predict that the vertical cut is stable or the FS is greater than 1.0, whereas the LSF method delineates a zone of potential failure behind the vertical face and near the toe. The potential failure surfaces for Janbu, Ordinary, and Morgenstern-Price are identical (thin solid curves), and very close to that given by the global FS in the lower portion of the cut, but different than that by the Bishop method (long dashed curve) in the middle portion of the cut. The potential failure surface predicted by the Culmann method is quite different than the rest of the limit-equilibrium methods. It predicts failure of the cut (short dashed line with FS = 1.0). Note that the lower part of the LFS = 1.0 contour follows closely the potential failure surfaces predicted by the other methods. Overall, Bishop's method yields the lowest FS value (1.054) and is close to the FS given by the Ordinary method (1.06). Both Janbu and Morgenstern's methods yield similar FS values (1.27 versus 1.26), much higher than the FS by Bishop and Ordinary, yet much smaller than the global FS method (1.59).
[23] The fundamental difference between the LFS = 1.0 and the failure surfaces calculated by the different limitequilibrium methods is that all points along a LFS = 1.0 contour are at the failure state, whereas the state of stress at any point along a FS = 1.0 failure surface from the limitequilibrium methods may not reach the material strength at that point.
[24] For vertical cuts with a stability number m = 0.15 all the limit-equilibrium methods predict the same potential failure surface with nearly identical FS values (1.05 -1.06). Compared to the case where m = 0.20, the Global FS method yields much lower FS value (1.32) and the potential failure surface is farther away from that given by the four limitequilibrium methods (Figure 4d) . Again, the lower part of the LFS = 1.0 contour follows closely the potential failure surfaces predicted by the other methods. Furthermore, the LFS method identifies a failure zone beneath the toe where the LFS is less than unity. As the stability number m decreases (shown respectively for m values of 0.10 and 0.05 in Figures 4b and 4a) , all four limit-equilibrium methods predict instability of the vertical cut with the identical FS [25] In light of the above analysis for the stability of vertical cuts it appears that the failure surface initiates from the toe region behind the vertical face and progresses up-andleft toward the top of the cuts. This trend can only be predicted by the new LFS methodology as the limit-equilibrium methodology explicitly excludes detailed information on the stress distribution and prescribes the failure surface along the general direction of the Rankine's active failure planes, i.e., where the vertical is the maximum principal stress direction and horizontal the minimum principal stress direction.
FS and LFS in 60 Slopes
[26] The distributions of LFS are shown in Figure 5 (left) for an example 60 slope. All limit-equilibrium methods produce similar (potential) failure surfaces except for the case of stability number m = 0.05 (Figure 5a ), where differences near the top of the slope between the limitequilibrium and the Global FS methods appear. Only one zone with LFS less than unity is identified for all m values. This zone initiates near but above the toe and propagates upward throughout the entire face of the slope as the stability number m decreases. For the stability number m = 0.20 (Figure 5d ), a zone of LFS less than unity coincides with the potential failure plane predicted by the Culmann method but is located above the potential failure surface predicted by all the limit-equilibrium methods. For the stability number m = (Figure 5b ), all the limit-equilibrium methods predict that the slope is stable with similar FS among the four methods. The FS (1.97) is slightly higher for the Morgenstern-Price method for the stability number m = 0.20 case and is closer to that given by the Global FS method (FS = 2.02). For the stability number m = 0.05 (Figure 5a ), the FS predicted by all the limit-equilibrium methods are similar and predict that the slope is unstable (FS < 1.0). However, the global FS method predicts stability (FS = 1.03). The contour of unity for the LFS follows the potential failure surfaces given by the limitequilibrium methods near the toe for the stability numbers m = 0.15 and m = 0.10, but is somewhat different for the stability number m = 0.05. The contour of unity for the LFS is substantially different compared to the failure surfaces predicted by the limit-equilibrium methods near the crest of the slope. The LFS unity contour exits the domain on the slope face whereas the equilibrium methods predict that the failure surface will intercept the ground surface behind the slope crest. The LFS method predicts failure under conditions where the other methods predict stability providing additional insight into the shape of the failure surface and sensitivity to the distribution of stress. The LFS method predicts small unstable zones on the slope face for the m = 0.15 and m = 0.10 cases, whereas the limit-equilibrium methods indicate the slope is stable. This implies that the LFS provides an increase in precision and sensitivity in predicting failure geometry over that of the limit-equilibrium methods.
FS and LFS in 30 Slopes
[27] The trend of larger radii of curvature of the failure surface with decreasing slope gradient predicted by the LFS methodology is examined further in the example showing results for slopes inclined at 30 (Figure 6 ). The LFS methodology predicts a low FS zone of shallow depth nearly parallel to the slope surface for the slopes with stability numbers of m = 0.10 and m = 0.15 (Figures 6b and 6c) . As the stability number decreases (from Figures 6d to 6a) , this zone progressively elongates and eventually a quasitranslational zone with LFS < 1.0 that encompasses nearly the entire slope surface develops. This pattern of failure is similarly predicted by Savage's [1994] exact solutions for stresses in finite slopes. In contrast, none of the limitequilibrium methods predict this shape of failure surface or the potential instability for a slope with a stability number m = 0.05. The smallest FS calculated by the limitequilibrium methods is 1.64 (Janbu) and all potential failure surfaces are curved, in contrast to the nearly translational surface predicted by the LFS method. Shallow landslides, typically translational slope failures a few meters thick of unlithified soil mantle or regolith, may dominate mass-movement processes in hillslope environments [Cruden and Varnes, 1996; Trustrum et al., 1999; Sidle and Ochiai, 2006] . We show that the limit equilibrium-methods do not adequately describe the shape of such failures, whereas the LFS methodology can predict the initiation, evolution, and geometry of such slope failures.
[28] Slope-stability analysis of translational landslides has commonly relied on the infinite-slope model [e.g., Wu and Sidle, 1995; Dietrich et al., 1995; Baum et al., 2010] , which requires several strict assumptions, including slopeparallel failure surfaces, saturated materials, a sharp contrast between the properties of overlying materials and substrate, and simultaneous failure at given depths. The assumptions of saturated materials, sharp contrast between layered materials, and fixed failure depth have been removed using variably saturated theory for effective stress analysis [Lu and Godt, 2008] . Comparison of the LFS methodology with the infinite-slope stability models is presented in the next section for slopes under infiltration conditions.
Infiltration-Induced Slope Stability Analysis Using LFS
Hydrologic Response
[29] Here we use a 30 slope composed of homogeneous silty soil as an example to illustrate the effects of rainfall infiltration on slope stability. The domain and mechanical and hydrologic properties of the hillslope materials are shown in Figure 7a . The surface infiltration boundary is imposed using a 5-month rainfall record for September 2005 to January 2006 collected in the Seattle, Washington, area [Godt et al., 2009] and shown in Figure 7b . This rainfall record is representative of winter season precipitation for coastal regions of the northwestern United States. Soil water retention and suction stress characteristic curves of the silty hillslope are shown in Figure 7c . The water table is set at 5 m below the toe and forms the lower boundary. An initial hydrostatic condition above the water table is imposed, which results in linear variation of soil suction with distance above the water table (not shown) and a nonlinear variation in volumetric soil moisture above the water table (shown in Figure 8a ). Both left and right sides of the domain are assumed to be no-flow boundaries. The water table location at the bottom of the domain is fixed.
[30] The variation in soil moisture content resulting from the 5-month rainfall is shown in Figure 8 and Figure 9a . Because the soil near the slope surface is initially quite dry (q < 20%) under hydrostatic conditions and the prescribed flux is nearly the same as the saturated hydraulic conductivity, a nearly saturated zone preceded by a sharp wetting front can be observed during the 5-month period (Figures 8b-8d) . The progress of the wetting front is also illustrated in Figure 9a as profiles of moisture content at the middle of the slope (A-location in Figure 7a ) at different times from the beginning of the rainfall. The wetting front becomes more diffuse as time elapses. Soil suction in the slope changes in a similar pattern to that of the moisture content, as illustrated by the suction profiles at different times in Figure 9b .
[31] The 5-month rainfall episode results in 480 mm water infiltrating into the slope and causes moisture content redistribution throughout the entire slope. The infiltrated water reaches the water table below the toe area in about 112 days, as shown in Figure 8f .
Mechanical Response
[32] The dynamics of the mechanical response of the slope to the 5-month rainfall period can be quantitatively investigated by examining the suction stress field. Under the framework of the unified effective-stress principle defined in equations (4)- (5), the field of suction stress in the slope can be determined once either the moisture content or soil suction field is known. Figure 10 shows the suction stress field in the slope at different times. Before the rainfall commences, as shown in Figure 9c , suction stress varies nearly linearly with depth below the ground surface and has much smaller absolute values than that of soil suction (shown in Figure 9b ) at the same location. For example, near the slope surface at the location A, soil suction is À98.0 kPa (Figure 9b ) whereas the corresponding suction stress is À34.2 kPa (see Figure 9c ). After the rainfall begins, suction stress quickly increases behind the wetting front as shown in Figure 9c and Figures 10b-10f . At the end of December (90 days), a zone with suction stress >À10 kPa is about 0.5 m, as shown in Figure 9c and Figure 10e . After that, suction stress continues to increase in near the slope surface, (Figure 9c and Figures 10f) . At the end of the 5-month simulation period (112 days), a zone with suction stress >À10 kPa is about 1.1 m (Figure 9c) .
[33] The dynamics of slope stability now can be quantified using the LFS in light of varying field of effective stress in the slope. The field of LFS is calculated simply by using equations (2)- (4) with the field of total stress under the gravity computed from the FEM simulations. The fields of LFS for the slope at different simulation times are shown in Figure 11 . Before the rainfall episode, the slope is stable (Figure 11a ) and LFS near the slope surface are between 1.50 and 2.00. At 10 days after the rainfall begins, a thin zone nearly parallel to the slope surface with LFS between 1.25 and 1.50 develops (Figure 9d and Figure 11b ). At 90 days, a thin zone nearly parallel to the slope surface with LFS less than 1.0 develops. This zone can be identified near the upper middle portion of the slope (Figure 11e) . At 112 days, this zone expands to about a maximum thickness of 20 cm near the middle of the slope (Figure 11f and Figure 9d ). This zone of LFS < 1.0 spatially and temporally coincides with the large increase in suction stress shown in Figures 10e-10f . Within this zone, as a result of increases in suction stress s s or decreases in effective stress (equation (4)), the states of stress shift leftward in in the Mohr diagram (as shown in Figure 2 moving from the solid Mohr circle to the dashed Mohr circle) leading to failure of the soil. It is noteworthy that while the geometry of the moisture content and suction stress contours are more or less parallel to the slope surface (Figures 8 and 10 ), the contours of LFS near the slope surface have a lens shape (Figures 11e-11f ) that is consistent with field observations of shallow landslides [e.g., Cruden and Varnes 1996] . The LFS, as illustrated here, provides quantitative information regarding the initial failure location and a potentially rigorous way to compute the timing, geometry, and progression of potential instability driven by changes in the pore water conditions.
[34] The LFS also provides a quantitative way to examine the suitability of the widely used infinite-slope model for shallow landslides. In recent work by Lu and Godt [2008] , the infinite-slope stability model was extended to accommodate variably saturated conditions by using the unified van Genuchten [1980] parameters, a, n, saturated hydraulic conductivity, K s , soil cohesion c′, moist unit weigh g, angle of internal friction f′, Poisson's ratio n, and Young's modulus E, are shown in the inset table in Figure 7a . effective stress equation (4) in lieu of Terzaghi's effective stress equation for saturated soil. The FS is [Lu and Godt, 2008] Fðz; tÞ ¼ tan f′
where b is the slope angle, g is the moist unit weight of soil within the distance z from the slope surface, and t is time. Equation (10) is used to calculate profiles of factor of safety (FS) at location A shown in Figure 7a , using the suction stress profiles at different times shown in Figure 9c and the same material strength properties. The calculated FS profiles are shown in Figure 9e and Figure 9f (same with Figure 9e but with different scales in FS values). The FS for the hydrostatic conditions (t = 0) calculated from the infiniteslope stability model increases monotonically from about 2.0 at 3 m below the slope surface to more than 20 near the slope surface (Figure 9e ). The monotonic variation pattern is also obtained for cases in which the soil is either dry or saturated in the infinite-slope models. Under unsaturated seepage conditions, the FS profiles are no longer monotonic and the location of minimum FS can occur within unsaturated zone, as illustrated in Figure 9f . Lu and Godt [2008] and Godt et al. [2009] show that FS could be less than 1.0 in sandy soil on steep slopes under heavy rainfall conditions. For the silty slope after the 5-month rainfall episode, FS can be reduced to less than 3.0 but never reaching 1.0, implying that this slope is stable if infinite-slope theory were used to assess stability. Comparing Figure 9d and Figure 9f , both LFS and the infinite-slope models produce about the same values of FS near 2.0 at relative large distances from the slope surface, where z > 2.5 m. However, using the effective stress calculation by FEM (in Figure 9d and Figure 11 ), the LFS is shown to be less than 1.0 near the slope surface for a certain time period. The overestimation of stability near the slope surface by the infinite slope model compared to the LFS method results from the appearance of distance z in the denominator in equation (10) and is overcome by the new LFS method.
Summary and Conclusions
[35] Slope-stability analysis is typically performed by identifying or assuming the potential failure surface and assessing the factor of safety (FS) of that surface. The approach of calculating a single FS for a slope does not provide vital information on how the failure surface initiates and evolves with changes in pore water conditions. A method to calculate a scalar field of FS is proposed based on the concept of Coulomb stress and the shift of stress paths toward the failure state in slopes under variably saturated infiltration and seepage. The FS at each point within a slope is called local factor of safety (LFS) and is defined as the ratio of the adjusted mean stress of the current state of stress to the adjusted mean stress of the potential failure state under the Mohr-Coulomb failure criterion. This LFS includes both compressive and extensional stress failure regimes.
[36] Comparative assessments with the hybrid FEM-limit equilibrium slope stability analyses and stress field-based FEM-LFS method show that the proposed LFS is consistent with the classic methodologies and yields further insights into the geometry of the potential failure surface and how the failure surface initiates and evolves. From sensitivity analysis of the stability of slopes with various inclined angles and materials, it is shown that the limit-equilibrium methods provide an estimate of stability that exceeds that from the LFS method by a factor up to 2.39 as shown in Figure 9 . Profiles of (a) moisture content, (b) suction, (c) suction stress, (d) local factor of safety, (e) and (f) factor of safety calculated using an infinite-slope stability analysis in the middle of the silty slope at different times. Figure 6a . That is, local failure could occur in a slope even if the global FS for the slope is calculated to be 2.39. For steep slopes, while the limit-equilibrium methods produce similar geometries of failure surface near the toe region, they do not capture the geometry of failure surfaces in the middle part of the slope and at higher regions near the crest. For gentle slopes, the limit-equilibrium methods fail to capture both the geometry of the failure surfaces and their occurrence in the near-surface environments.
[37] Quantitative assessments applying the new LFS field method to slopes under infiltration conditions demonstrate that it has a potential to overcome several major limitations in the commonly used global FS methodologies, including accurate prediction of the rupture surface geometry and their occurrence near the slope surface. Comparison with the infinite-slope methods including some recent expansion for variably saturated slope conditions shows further enhancement in predicting shallow landslides by the LFS methodology. Although this work only employs linear elasticity with no postfailure elastoplastic analysis that require more sophisticated elastoplasticity theories, the LFS can provide new perspectives to the stability of slopes for stress field-based methodologies.
